I. INTRODUCTION

S
CANNING of the main beam direction is an inherent property in one-dimensional Leaky-Wave Antennas (1-D LWAs), which is usually achieved by sweeping the frequency of the input microwave signal [1] - [3] . For many applications, however, operation at a fixed frequency is required [4] . Various technologies and topologies have been proposed in recent decades to create fixed-frequency electronically-steerable 1-D LWAs [5] - [24] . In all cases, an active device is employed to produce the electronically controlled change in the leaky-line boundary conditions, thus altering the leaky mode (LM) complex propagation constant and producing the associated change in its pointing direction (noting , where is measured from the broadside direction) [2] . For instance, p-i-n diodes have been added to dielectric rod LWAs [5] , [10] or microstrip LWAs [19] , obtaining a discrete change in . Similar discrete changes are reported when introducing photosensitive switches in dielectric slab LWAs [9] , or electronic switches in multi-port microstrip LWAs [20] , [21] . Continuous scan of the main beam has been obtained in corrugated ferrite LWAs [6] , [7] , microstrip LWAs over a ferroelectric substrate [17] , photoinduced plasma grating LWAs [8] , and microstrip LWAs loaded with photosensitive silicon substrates [14] , by respectively using magnetic/electric fields or optical signals to control . However, the most used active device to electronically control 1-D LWAs in the microwave range is the varactor diode, which has been applied to multitude of leaky lines as the slotline [11] , the coplanar waveguide [12] , the first higher-order mode microstrip line [13] , the composite right-left handed microstrip line [15] , [16] , the microstrip log-periodic line [18] , the half-mode microstrip line [22] , [24] , and the half-mode substrate-integrated waveguide [23] .
In this paper, we present a new configuration of reconfigurable 1-D LWA to achieve fixed-frequency beam steering, which is based on a 1-D Fabry-Perot (FP) leaky-waveguide recently proposed in [25] . In the antenna, varactor diodes are added to the high impedance surface (HIS) substrate in order to achieve electronic control of the pointing angle. A simple transverse equivalent network (TEN) is used to analyze the LWA and provide a theoretical foundation for the proposed mechanism to steer the beam. An experimental prototype of the antenna operating at 5.6 GHz was designed and tested. Good agreement between theoretical predictions and experimental results are obtained.
The paper is organized as follows. The working principle of the new reconfigurable 1-D LWA is described in Section II. It is shown that, using the TEN, the dispersion of the associated LM is a function of the varactor junction capacitance. The dispersion curves prove essential for the computer-aided design of the antenna, and particularly for the optimization of the scanning range. All the TEN analysis results are validated with full-wave simulations. Section III reports experimental results obtained from a fabricated prototype operating at 5.6 GHz, showing an electronically-controlled scanning region from to as the varactors' biasing DC voltage is varied from 4.5 V to 18.2 V. Practical limitations of the proposed antenna for scanning angles close to endfire are also discussed. To finish, Section IV summarizes the conclusions.
II. RECONFIGURABLE 1-D LEAKY-WAVE ANTENNA
The proposed configuration of 1-D reconfigurable LWA and its main geometrical parameters are shown in Fig. 1(a) . The structure is inspired by the passive antenna presented in [25] , where a parallel-plate waveguide (PPW) was loaded with two passive printed-circuit boards (PCBs): a top partially reflecting surface (PRS) and a bottom high impedance surface (HIS) (see Fig. 1(a) ). Both PCBs are formed by periodic arrays of resonant metallic patches printed on thin dielectric substrates. The two PCBs are separated at a distance , comprising a one-dimensional Fabry-Perot resonant cavity which allows the propagation of a perturbed TE leaky mode. Since these types of antennas combine a host PPW with PCBs, they are known as hybrid waveguide printed-circuit LWAs [25] , [26] . As demonstrated in [25] , this 1-D FP PRS-HIS LWA allows the leakage rate to be adjusted by changing the resonant length of the PRS patches ( in Fig. 1 ), while the resonant length of the HIS patches ( in Fig. 1 ) controls the pointing angle at a fixed design frequency. Using these previous results, a reconfigurable version of this 1-D LWA is envisaged by introducing varactor diodes in the middle of the HIS resonant patches, as illustrated in Fig. 1(b) . Similar types of tunable HIS have been used to design reconfigurable reflectors [27] , [28] , reconfigurable reflectarrays [29] , or tunable Frequency Selective Surfaces [30] . Also, an electronically tunable HIS was applied in [31] to transform a surface-wave into a backward or forward leaky-wave, thus achieving beam scanning from a two-dimensional textured surface. In [32] , [33] , a tunable HIS was applied to tune the operating frequency of low profile 2D FP LWAs, and similar reconfigurability was demonstrated in [34] for a tunable HIS fed by a bow-tie antenna. To the best of the authors' knowledge, it is the first time that a tunable HIS is applied to the design of a fixed-frequency electronically-scanned one-dimensional Fabry-Perot LWA.
In the following subsection, a simple but accurate TEN is developed to obtain the complex propagation constant of the leaky-mode which operates in the proposed reconfigurable LWA, as a function of its main parameters. These dispersion curves give physical insight into the operating principle and design rules of the proposed LWA, and lay a theoretical foundation for the steerability of the antenna main beam.
A. Analysis of Reconfigurable LWA Using a TEN
The Transverse Resonance Method (TRM) is a simple and powerful analysis tool widely used in the design of LWAs [2] , [35] , [36] . Particularly, as it was demonstrated in [25] , the TRM allows efficient analysis and design of the passive version of the 1-D FP PRS-HIS LWA. For the analysis of the reconfigurable version of this LWA, it is necessary to extend the TRM approach proposed in [25] . The key feature of the TRM is the development of an appropriate Transverse Equivalent Network (TEN) that accurately models the cross section of the antenna, which in our case is shown in Fig. 2 . The constituent parts of this TEN are well described in [25] , with the most important parts being the equivalent admittances which model the top PRS and the bottom HIS [ and in Fig. 2(b) ]. In this paper, the necessary novelty required to model the tunable HIS admittance as a function of the varactors' junction capacitance is introduced in the TEN formulation.
As explained in [37] , the pole-zero method proposed by Maci et al. in [38] can be expanded to take into account more optimization parameters beyond frequency in the design of 1-D LWA. For instance, the effect of the resonating length of the PRS patches [ in Fig. 1 (a)] can be efficiently modeled by using the following analytical pole-zero expansion for [37] : (1) where the location of the poles and the zeros depend on the longitudinal wavenumber , which is related to the leaky-mode incidence (or radiating) angle by . Fig. 3 illustrates the magnitude and phase of the reflection coefficient presented by the PRS [ in Fig. 2 
(b)] as a function of
for the design frequency of 5.6 GHz, and for three different incidence angles. As explained in [25] , must be properly chosen to tune the PRS reflectivity in order to control the antenna radiation efficiency. The rest of the geometrical parameters of the PRS are fixed, so patches of width mm separated at a distance mm, are printed on FR4 substrate ( mm). As shown in Fig. 3 , good agreement is observed between the analytical pole-zero model of the PRS admittance (1) and full-wave results obtained with commercial Finite Element Method (FEM) solver HFSS [49] .
mm is chosen to provide a PRS reflectivity above 0.9 for all scanning angles, as shown in Fig. 3 . The main novelty of the proposed TEN is in the modeling of the tunable HIS. In this case, the following pole-zero expression is employed for , which is now dependent on the varactors' junction capacitance (2) In the antenna design, we use a one dimensional version of the tunable HIS configuration proposed in [29] and [32] , so that a row of metallic patches of width mm, length mm, separated at a distance mm, are printed on grounded Rogers RO4230 substrate ( mm). Each HIS patch is divided in the x-direction by two equal patches separated by a gap ( mm) where two varactor diodes are placed as illustrated in Fig. 1(b) .
As was demonstrated in [25] , the boundary condition presented by the HIS changes drastically as the physical resonating length is varied, thus resulting in a direct mechanism to control the TE leaky-mode cut-off frequency and therefore the pointing angle at a fixed frequency. Yet, this control could only be mechanically achieved in [25] , as the whole PCB should be replaced in order to vary . The proposed reconfigurable LWA overcomes this disadvantage, since the effective resonant length of the HIS patches can be varied by properly modifying the varactors' junction capacitance [29] . This is shown in Fig. 4(a) , where the reflection phase presented by the tunable HIS [ in Fig. 2 can be analytically modeled using (2) , obtaining the HIS reflection phase as a function of for different shown in Fig. 4(b) . Very good agreement with FEM results is observed for all the range of (from 0 pF to 0.35 pF) and for all incidence angles. The HIS becomes a grounded dielectric slab for pF , changing to PMC sheet for pF, and to PEC sheet for pF. According to the results reported in [25] , increasing corresponds to a larger , thus showing a direct relation between and the effective resonant length of the HIS patches. Since can be controlled by the varactors' reverse polarization voltage [27] - [34] , electronic control of the pointing angle at a fixed design frequency should be possible by combining the 1-D FP leaky cavity and the tunable HIS. To theoretically confirm this fact, the behavior of the radiating leaky mode must be studied as a function of .
B. Effect of in the Leaky-Mode Dispersion Curves
Obtaining the leaky-mode dispersion curves as a function of is essential for the electronic beam steering application presented. The unknown leaky-mode complex wavenumber can be obtained from the TEN shown in Fig. 2 , by solving the corresponding Transverse Resonance Equation (TRE) [25] , [37] (3) Fig. 5 shows the frequency dispersion for the normalized phase and leakage constants as is varied from 0.1 pF to 0.23 pF. As expected, the TE leaky-mode cutoff frequency decreases as increases. This results in a continuous rise of the leaky-mode phase constant at a fixed frequency as is increased, as it is shown in Fig. 5 (c) for 5.6 GHz. Again, very good agreement is obtained between TRM and full-wave FEM results, validating the proposed TEN. As it can be seen in Fig. 5(c) , is varied from values close to zero when pF, to values close to one when pF. Since the leaky-mode pointing angle is given by , it is expected that fixed-frequency beam-scanning from broadside to endfire can be realized by controlling in the aforementioned range [0.01 pF, 0.23 pF]. It must be noticed that at this stage we use a lossless model of the tunable HIS, not taking into account on the dispersion analysis the effects of the varactor series resistance and the substrates losses.
To give more physical insight into the working principle of the proposed reconfigurable LWA, Fig. 6 illustrates the TE leaky-mode electric field distribution in the cross section of the FP cavity for different values of at the design frequency of 5.6 GHz. For low values of the HIS behaves as a grounded slab as shown in Fig. 4(b) and the leaky-mode is resonating in the metallic cavity of height , providing maximum horizontal field at , as it can be seen in Fig. 6 for pF. However, as is increased to 0.23 pF, the HIS tends to behave as a PMC sheet which induces maximum field at its interface, as shown in Fig. 6 . The boundary conditions seen by the leaky mode resonating in the FP cavity are strongly changed as is varied. As a result, the leaky-mode transverse wavelength is modified from when pF to when pF, as illustrated in Fig. 6 . This enlargement in the transverse wavelength implies the subsequent reduction in the longitudinal wavelength , and therefore a rise in the leaky-mode longitudinal phase constant as is increased, as predicted by the results shown in Fig. 5(c) .
Once the leaky-mode complex propagation constant has been obtained as a function of , the associated H-plane radiation pattern can be directly obtained [2] , as shown in Fig. 7 for the case of a LWA of length at 5.6 GHz. As expected, the scanning angle is swept from nearly broadside towards the endfire direction as is increased, following the curve plotted in Fig. 5(c) . Particularly, Fig. 7 shows the results for pF pF , and pF . The beam direction and the beamwidth predicted from the TRM are in very good agreement with full-wave FEM simulations performed in a 3D model of the whole reconfigurable LWA. A strong reflected lobe appears for pF, due to the very low leakage-rate associated with high values of [see Fig. 5(c) ], which results in poor radiation efficiency and a large amount of energy being reflected at the far-end of the LWA. This fact limits the maximum scanning angle of the proposed reconfigurable LWA to 40 , as it will be explained in detail in Section III.
C. Optimization of the Fabry-Perot Cavity Height
The physical height of the FP cavity is a key geometrical parameter which determines the scanning range and sensitivity of the proposed reconfigurable LWA. All previous results were computed using the optimum value mm. As can be seen in Fig. 8 , a wider scanning range is obtained in this case, so that the cavity height makes the leaky-mode cut-off condition to be coincident with the minimum value of . In this situation, the dynamic range of the varactors is fully used and the minimum scanning angle is close to broadside. On the other hand, as discussed in [39] , the maximum achievable pointing angle in this type of 1-D LWA is produced when the HIS presents a PMC resonance (which in our case corresponds to the value pF). Above the HIS PMC resonance, a sudden fall of the leakage rate and a rapid divergence of the phase constant as shown in Fig. 5(c) limit the scanning range to higher angles. Fig. 8 shows that for the scanning angle can be swept from for pF to for pF, as previously described. However, if , the minimum value of does not correspond to the leaky-mode cut-off point but to a higher scanning state. As a result, the minimum scanning angle is located further from broadside at pF in Fig. 8 for mm). Since the maximum pointing angle given by the HIS PMC resonance ( pF) is , the scanning range is reduced to [30 , 40 ] instead of [5 , 40 ] . Also, it can be observed that the sensitivity of with is lower for this case, due to the nonlinear response of the varactor.
On the other hand, for shorter FP cavities ( , shown in dotted red line in Fig. 8 ) the leaky mode is below cutoff for most of the range of variation of . As it can be seen in Fig. 8 for mm, the leaky modes below cutoff from pF to pF, missing this region of the varactors' dynamic range. As a result, the scanning starts at pF with , but then it is very soon limited to a maximum angle of at pF. This reduces the scanning range and increases the sensitivity. Fig. 8 shows that the optimum cavity provides the most linear dependence between and and the highest scanning range. Once more, excellent agreement is found in the validation of the TRM dispersion curves and FEM results.
III. EXPERIMENTAL RESULTS
The following section describes the experimental results carried out on a prototype fabricated at CSIRO ICT Centre, shown in Fig. 9 . The antenna is designed to operate at the fixed frequency of 5.6 GHz, and the radiating aperture has a length of . As illustrated in Fig. 9(a) , three constituent parts in the reconfigurable LWA can easily be distinguished: a parallel-plate waveguide, a passive PRS printed-circuit, and a tunable HIS. To excite the TE leaky-mode of the tunable 1-D FP cavity, a horizontal coaxial probe is used as proposed in [25]. The dimensions of this feeding probe were optimized to obtain maximum input matching at the operating midpoint of pF, which results in better performance across most of the dynamic range of .
A detailed photograph of the phase agile cell used for the tunable HIS, including the biasing network proposed in [32] , is depicted in Fig. 9(b) . Metelics' MGV125-08 varactor diodes (0805 package) are used for the tunable HIS, providing a range in from 0.055 pF to 0.6 pF as reverse bias voltage is tuned from 20 V to 2 V . The varactor's tolerance for is pF according to the manufacturer datasheet. The measured parameters in the 5 GHz-6 GHz frequency range are presented in Fig. 10 for different values of bias voltage . As expected, the matching band is shifted to lower frequencies as is decreased (and is increased), in accordance with the expected theoretical shift in the leaky-mode frequency dispersion presented in Fig. 5 . These results are also consistent with data reported in previous reconfigurable LWAs using varactors [27] - [34] . At the fixed operation frequency of 5.6 GHz, Fig. 11 shows the simulated and measured S parameters as a function of . As expected, the matching and the transmission coefficients are affected as is varied. Simulated data predict optimum operation with dB and dB for V (which corresponds to pF, according to the datasheet). As is varied from this value of 7.17 V , the TE leakymode field distribution is strongly perturbed (as it was theoretically illustrated in Fig. 6 ), thus decreasing the matching between the coaxial probe and the FP cavity. It is important to note that, as previously mentioned, the coaxial probe dimensions were optimized for the aforementioned operating point pF ( V ). As a result, poorer matching is obtained at other operation points of the varactor's dynamic range. In particular, the mismatch increases up to dB for V ( pF) and to dB for V ( pF). Experimental data report a similar tendency for the measured S parameters as a function of , obtaining dB and dB at the optimum tuning point V ( pF) and similar deterioration for other values of . As can be seen, measured data is shifted to lower values with respect to simulations. This shift is attributed to the varactors' tolerance errors, as demonstrated next.
The electronic control over the LWA radiation pattern is shown in Fig. 12 . Fig. 12(a) depicts the measured normalized radiation pattern at 5.6 GHz for different values of the applied bias voltage . As it can be seen, the main beam is scanned from for V ( pF) to for V ( pF). Figs. 12(b) and (c) show the agreement between theory and experiments. In particular, Fig. 12 (b) plots with red crosses the measured scanning response ( vs of the proposed reconfigurable LWA, confirming the continuous electronic scanning from 34.2 to 9.2 as is increased from 4.5 V to 18.2 V . The theoretical leaky-mode scanning response extracted from the TRM is plotted with a continuous blue line, while FEM simulations are represented with blue circles. Very good agreement is observed between these three set of results. However, the measured scanning response is slightly shifted with respect to TRM and FEM results, showing discrepancies in that are below . This can be attributed to the aforementioned pF varactors' tolerances in . To demonstrate this fact, error curves computed by applying a shift in of pF and pF are represented with shaded zones in Fig. 12(b) . As can be seen, the measured scanning response lies inside the pF region, well below the diodes' tolerance ( pF). Fig. 12(c) compares the theoretical and measured leaky-mode radiation patterns for three illustrative values of covering the entire scanning range. As it was demonstrated in Fig. 12(a) , the main beam direction presents higher discrepancies between theory and experiments for scanning angles close to endfire (lower values). Despite this fact, the 3 dB beamwidth and the secondary lobes distribution are in accordance with leaky-mode far-field patterns [2] , thus confirming the leaky-wave radiation mechanism for the proposed reconfigurable antenna. Table I summarizes the pointing angle obtained for three operation points inside the scanning region. As it is shown, maximum error is obtained at lower voltages that correspond to larger scan angles ( V , ). It is worthy to note that the scanning response predicted by the lossless TRM is in agreement with FEM and experiments, despite that the latter take into account the losses created by the varactors series resistance and materials. This confirms that thermal losses do not have a strong influence on the leaky-mode phase constant, and the proposed lossless TRM is useful for the design of this antenna. Finally, Fig. 13 summarizes the experimental performance of the reconfigurable LWA in terms of gain and efficiency. Fig.  13(a) shows the variation of the gain as a function of , reporting maximum measured gain of dBi for V ( pF, ), while simulations predict maximum dBi for V ( pF,
). Moreover, as is decreased from this optimum point, a significant drop in the gain is observed. The minimum value of gain measured is dBi for V ( pF), which corresponds to an angle close to . Similar behavior is obtained with simulations, thus making it difficult to obtain large scan angles. As it was previously explained, this fact is caused by higher mismatch (see Fig. 11 ) and by the fall of the leakage rate (see Fig. 5(c) ) that take place at high values of (lower ), due to the associated PMC resonance of the HIS for high (see Fig. 6 ). However, the LWA shows a stable gain above dBi for V , which corresponds to scanning angles below . As also plotted in Fig. 13(a) , this gain translates into a total efficiency %, reaching % for -V . Measured and simulated total efficiency in Fig. 13(a) are in concordance, observing % in the range -V , whereas tends to 3% for V . To understand the gain and efficiency response of the LWA, Fig. 13(b) separates into its different constitutive efficiencies [41] , [42] (4)
where the mismatch efficiency is computed from the measured input reflections [41] , the leaky-mode radiation efficiency is estimated from the theoretical leakage rate [42] , and the ohmic efficiency has been attributed to two contributions: one part due to the dielectric losses and another term due to dissipation in the varactors series resistance: [41] . Since the separated ohmic efficiencies (due to dielectrics and varactors) are difficult to compute from experiments [41] , they have been estimated from full-wave simulation data. Equation (4) gives, as a first order approximation, a good insight into the origin of the gain drop for large scan angles. Particularly, it can be seen in Fig. 13(b) that the mismatch efficiency is quite high (over 85%) for the entire dynamic range. On the other hand, the leaky-mode radiation efficiency strongly decreases from 100% at V to 52% at V , being consistent with the drop of the leakage rate predicted in Fig. 5(c) for high values of (i.e., high values of ). The dielectric efficiency results predict a fall from % at ( V ) to % at ( V ), which is caused by the electric field concentration at the HIS substrate for the PMC regime (see Fig. 6 for pF). Due to the same high concentration of the modal fields, an increase in the current density flowing across the diodes occurs at this PMC operational point, raising the heat dissipation at their series resistance. As a result, the varactors' ohmic efficiency strongly drops for scanning angles tending to endfire, observing a decrease from % at ( V ) to % at ( V ). This increase of thermal losses in the HIS as the antenna scans is demonstrated in Fig. 13(c) . The reflection coefficient of the HIS is simulated with HFSS for each operating point of the designed antenna. As it can be observed, the HIS absorption increases as the LWA scans towards endfire, and for there is an abrupt drop to . This is related with the strong change of the HIS phase, which operates close to the PMC resonance for , in accordance with the lossless HIS response shown in Fig. 4(b) for pF. This result agrees with other published works that report significant increase in the HIS ohmic losses when operating close to the PMC resonance, and which has even been widely applied to create planar microwave absorbers [44] - [46] . Therefore, it can be concluded that the gain drop for large scan angles is unavoidable and it is due to two main reasons: the decrease in the leaky-mode radiation efficiency, and the increase in the varactors resistance losses. This latter effect could have also been predicted by the proposed TEN model, by introducing the varactors' series resistance in the tunable HIS equivalent admittance (2) , and the losses tangent in the substrate equivalent transmission line sections, as done in [44] - [46] .
IV. CONCLUSION
A new type of electronically scannable one-dimensional LWA, which is based on a tunable Fabry-Perot (FP) cavity formed by a parallel-plate waveguide (PPW), a partially reflective surface (PRS), and a varactor-loaded tunable high impedance surface (HIS), has been presented in the paper. The proposed reconfigurable LWA topology allows to electronically modify the resonant condition of the TE leaky mode inside the FP cavity, resulting in a variation of the pointing direction at a fixed frequency as the varactors' bias voltage is changed. Leaky-mode dispersion curves have been obtained from a simple but accurate Transverse Equivalent Network, which rigorously takes into account the effect of the varactors' junction capacitance in the phase response of the tunable HIS. These modal curves are very useful for the design of the main parameters of the antenna, in order to optimize the beam-scanning range. Leaky-mode results are in very good agreement with full-wave simulations and experiments, which have shown a continuous scanning from 9 to 30 in a prototype operating at the fixed frequency of 5.6 GHz, as the varactors' bias voltage is varied from 18 V to 5 V . The scanning range is limited in the endfire region due to the drop in the leakage rate and the increase of thermal losses, which are associated with the perfect magnetic conductor (PMC) condition of the tunable high impedance surface. An interesting advantage of this new reconfigurable topology resides in its potential application to two-dimensional FP LWAs [32] , [33] , [35] , [40] and to new metasurface LWAs [47] , [48] , so that the electronic scanning could be extended for both elevation and azimuthal planes. This type of electronically steerable LWA presents a low-cost potential alternative to more expensive phased-arrays [48] .
Raúl Guzmán Quirós (S'12) was born in Cartagena
